The term "population synchrony" refers to the phenomenon of synchronous fluctuations of populations. The strength of this phenomenon may indicate the nature of the synchronizing mechanisms. In this study, we evaluated the relative importance of the Moran effect and dispersal on the levels of population synchrony in a zooplankton assemblage. We monitored the density of 36 taxa (27 genera, Bdelloidea, cyclopoid nauplii, calanoid nauplii, cyclopoid copepodites, calanoid copepodites and four broad taxonomic groups) at 7 sites through 19 months (from May 2004 through November 2009). For each taxon, we estimated the regional levels of synchrony as the mean Spearman correlation coefficient for all pairwise combinations of sites. These values were significant for 33 of the 36 taxa analyzed. Variations in synchrony were uncorrelated with hydrological or geographical distances. Environmental synchrony was unrelated to distance. The low relationship between synchrony (both environmental and population) and hydrological distance indicates the importance of the Moran effect. Nevertheless, climatic effects were not the main synchronizing mechanism. We suggest that damming was the main synchronizing force in this system.
insects (Haynes et al., 2013) , fish ( Tedesco et al., 2004) and planktonic organisms (e.g. Rusak et al., 1999 Rusak et al., , 2008 Lansac-Tôha et al., 2008; Batchelder et al., 2012; Seebens et al., 2013) . From a theoretical perspective, studies on population synchrony may highlight the mechanisms underlying population dynamics (Steiner et al., 2013) . From a practical perspective, population synchrony has important implications for the estimation of extinction risk (Heino et al., 1997) and for the optimization of population monitoring programs (Rhodes and Jonzén, 2011) .
The main processes synchronizing population dynamics are predation (e.g. Ims and Andreassen, 2000) , dispersal (e.g. Ranta et al., 1995) and spatially correlated environmental stochasticity, also known as the Moran effect (Moran, 1953a, b; Royama, 1992; Hudson and Cattadory, 1999 ; for a review of the main mechanisms behind population synchrony, see Liebhold et al., 2004) . High levels of synchrony between isolated or geographically distant populations are consistent with the Moran effect (Grenfell et al., 1998) . Dispersal might also be an important, albeit not exclusive, process in explaining synchrony when population synchrony declines with geographic distance (Ranta et al., 1995) , a pattern that has been frequently detected (Liebhold et al., 2004) . However, a negative relationship between environmental synchrony and geographic distance between populations hinders the evaluation of the relative role of the Moran effect and dispersal in determining population synchrony (Ruetz et al., 2005) . According to Koenig (Koenig, 2002) : "a critical issue in the debate over the relative importance of the Moran effect versus dispersal in synchronizing populations is the pattern of autocorrelation exhibited by the environmental variables potentially driving the Moran effect. Are they synchronized over large distances, and do they exhibit a decline with distance comparable to that observed in animal populations (Ranta et al., 1999) ? If so, environmental factors are potentially the primary cause of synchrony in many animal populations and of other ecological phenomena".
The Moran effect can be understood in a direct or an indirect way. In the direct way, the climate (or any other regional environmental factor) acts by regulating population variability. Indirectly, climate regulates local environmental variables (e.g. turbidity or water residence time in aquatic systems), which in turn would regulate populations. Either way, one can predict that two populations with similar density-dependent structures, if regulated predominantly by the Moran effect and living in similar environments, will exhibit high levels of population synchrony (Moran, 1953a, b; Hudson and Cattadori, 1999) . However, populations rarely have the same densitydependent structure. Thus, high levels of synchrony will be found if the synchronizing effects of environmental variables are more important than differences in population dynamics (Grenfell et al., 1998) .
Reservoirs are useful model systems for studying population synchrony. First, reservoir transport processes (Ford, 1990 ) may be important in homogenizing plankton populations. Thus, one can predict a high level of biological and environmental synchrony between different regions of a reservoir. Counterbalancing the homogenizing effect of advective forces, different regions have been recognized in reservoirs, both longitudinally (i.e. riverine, transition and lacustrine zones; Kimmel et al., 1990) and laterally (reservoir mainstream and tributary arms). Among-region differences in environmental (e.g. water transparency, nutrients and dissolved oxygen concentrations) and biological factors (e.g. phytoplankton biomass) may be enough to produce asynchronous dynamics of aquatic populations (Xu et al., 2012) .
The main goal of this study was to evaluate the relative importance of the Moran effect and dispersal in synchronizing zooplankton population dynamics in a reservoir located in the Brazilian Cerrado biome. We hypothesized high levels of population synchrony, because (i) all monitored sites were located in a single water body, (ii) reservoir transport processes tend to increase the connectivity between populations and (iii) samples were taken before and after the reservoir was formed. Specifically, after the reservoir formation and with the increase in lentic area, we expected a simultaneous increase in the density of euplanktonic populations in the different parts of the reservoir.
M E T H O D Study site
This study was carried out with biological and environmental data obtained at the Peixe Angical Reservoir, Brazil (Fig. 1 ). This reservoir, created in January and February 2006 on the Tocantins River, has a flooded area of 294 km 2 and is located in the southern portion of the State of Tocantins (12818 0 S and 48815 0 W). According to the Köppen-Geiger classification (Peel et al., 2007) , the climate of this region, in the Cerrado biome, is tropical with a dry season (Aw). The dry period lasts an average of 5 months, May through September. Mean annual temperatures range between 24 and 288C, with maximum temperatures ranging from 29 to 338C and minimum from 18 to 228C. Monthly precipitation ranges between 0 and 420 mm (http://www.inmet.gov.br/portal/). The Peixe Angical Reservoir occupies the fourth position in a cascade of reservoirs on the Tocantins River, downstream from the Serra da Mesa, Cana Brava and São Salvador reservoirs.
Data
Environmental and biological data were obtained at seven sampling sites (Fig. 1) Zooplankton samples (rotifers, copepods, cladocerans and testate amoebae) were collected by pumping 1000 L of water through a plankton net of 68-mm mesh size, and were fixed in a solution of 4% formaldehyde buffered with calcium carbonate. Densities (individuals/m 3 ) were estimated by counting in a Sedgwick-Rafter cell (Bottrell et al., 1976) . Samples with low densities of organisms were counted in their entirety. In addition, for each sample, subsamples were analyzed until the collector's curve stabilized.
Data analysis
The analysis included the 27 most abundant genera, one order (Bdelloidea), nauplii and copepodites of both Cyclopidae and Diaptomidae (comprising 99.7% of the total abundance) and the total abundance of the main zooplankton groups (crustaceans, copepods, rotifers and testate amoebae). Using density data, we estimated Spearman correlation coefficients between pairs of sites (r i,j ) for each taxon in order to estimate a synchrony matrix (R) (see Buonaccorsi et al., 2001) . Next, we calculated the mean of the off-diagonal elements in the matrix R to estimate the reservoir-wide level of synchrony and a bootstrap confidence interval (95%) for this mean (following Bjørnstad et al., 1999) . In a cross-genera analysis (n ¼ 27), we calculated the Spearman correlation between mean density and the mean level of population synchrony (i.e. reservoir-wide level of population synchrony). This analysis was carried out to test whether the magnitude of population synchrony was related to patterns of commonness and rarity.
We calculated a matrix of hydrologic (or watercourse) distance between sampling sites (G). Thus, the distances between pairs of sampling sites were measured as the shortest distance along the watercourse, without crossing land. Using this type of distance, instead of the simpler Euclidean distance ("overland"), is more suitable for studies on aquatic environments (Landeiro et al., 2011) . Matrix G was then used to test whether the synchrony values r i,j were related to the hydrologic distances (g i,j ), using a Mantel test. We repeated this analysis with the use of overland distances (O) for comparative purposes.
To summarize the environmental data, we calculated a principal component analysis (PCA) on a correlation matrix between the environmental variables, previously log-transformed (except pH). We estimated the levels of environmental synchrony (Pearson's correlation coefficients between pairs of sites i and j) with the scores extracted from the first PCA axis, generating the matrix of environmental synchrony (E). To evaluate the stability of our results, the Spearman's rank correlation was also used to estimate environmental synchrony. We also divided the environmental data into three subsets, including: (i) physical and chemical variables (temperature, dissolved oxygen, pH and conductivity), (ii) variables related to turbidity (suspended organic matter, suspended inorganic matter and turbidity) and (iii) variables related to trophic state (total phosphorus, total nitrogen and chlorophyll-a). For each subset, we ran a PCA and estimated three new matrices of environmental synchrony that we call P, T and S (for the three subsets described above, respectively). This was done because these groups of environmental variables may have different effects on synchrony. We used the Mantel test to evaluate whether matrices E, P, T and S were significantly correlated with matrix G. We estimated the statistical significance of the matrix correlations (Mantel tests) using 5040 Monte Carlo permutations (Manly, 2007) . To control for the effect of damming, the relationships between matrices R (for the broad taxonomic groups only), E, P, T and S and matrices G and O were also tested before and after reservoir construction. However, we did not attempt to statistically test for differences in the levels of synchrony between the periods, given the issues of small sample size and the low statistical power of the methods that we were able to find (e.g. Steiger, 1980) . We tested the relationship between the total density of zooplankton groups and the total monthly precipitation and mean monthly air temperature, for each site, by calculating Spearman correlation coefficients, in order to evaluate whether these regional drivers accounted for the patterns of population synchrony. We used a permutational multivariate analysis of variance using distance matrices (hereafter, PERMANOVA; see Anderson, 2001) to assess the impact of damming on total density. For this analysis, the total density of zooplankton ( previously logtransformed) in the seven sampling sites (arranged in columns) and the 19 sampling months (arranged in rows) comprised the response matrix. The explanatory matrix was a dummy variable (coded 0 before damming and 1 after damming). We also included the order of the months (from 1, for May 2004, to 67, for November 2009) as another explanatory variable to control for any lack of independence among the observations. To test for differences in multivariate dispersions (an implicit assumption of PERMANOVA; see Anderson, 2004; Warton et al., 2012) , we carried out an analysis of multivariate homogeneity of group dispersions (PERMDISP; Anderson, 2006) . This method is similar to the Levene's test of homogeneity of variances in the univariate case. For both PERMANOVA and PERMDISPER, we used the Bray-Curtis coefficient as a measure of compositional dissimilarity and 5040 permutations for significance testing. To reveal the patterns of similarity between the months as given by this coefficient, we used a UPGMA (unweighted pair-group method with arithmetic averages; Rohlf, 1963) hierarchical cluster analysis.
For all analyses described above, we used the sequential Bonferroni method to control for multiple significance testing, which corrects the table-wide Type I error rate by dividing alpha (0.05 in our study) by the number of statistical tests (Rice, 1989) . All analyses ( population synchrony, matrix correlations, simple correlations, PERMANOVA and PERMDISP) were carried out using the libraries synchrony (Gouhier, 2013) and vegan (Oksanen et al., 2013) for the R language and environment for statistical computing (R Core Team, 2013) .
R E S U LT S
Most of the genera exhibited statistically significant levels of population synchrony. The only taxa that did not oscillate in synchrony were Bdelloidea, Lesquereusia and Curcubitella (Table I ). The mean levels of synchrony varied widely among taxa, and were, in general, lower than those detected for total densities of crustaceans, copepods, rotifers and testate amoebae (Table II) . Among these broad taxonomic groups, the lowest levels of synchrony were detected for cladocerans and testate amoebae, and the highest levels for copepods and rotifers (Table II) . Mean density was significantly correlated with synchrony (r ¼ 0.58, P ¼ 0.0013; Fig. 2 ). The environmental variables (as summarized by the first principal component scores) also showed significant synchrony for the complete dataset (matrix E) and for the three subsets (matrices P, T and S; see Table III) . Similar results were obtained by using the Spearman's rank correlation ( Table III) . Considering that the principal component scores derived from the complete dataset and from the variables related to water transparency were strongly correlated (see Supplementary data), matrix E was not used in further analyses.
After correction for multiple testing, the relationships between synchrony and hydrological distances between the sites were not significant (Table I) . Similar results were found for the total density of the broad taxonomic Results for the broad taxonomic groups can be found in Table II . The coefficients of determination (r
2
) and statistical significance of the relationship between synchrony and distance are also shown. For each analysis (i.e. synchrony and matrix comparison), a result was considered significant if P 0.05/32 (after table-wide adjustment of significance levels according to Rice, 1989) . Note that none of the Mantel's tests were significant after correction for multiple testing. groups, with the use of geographical (overland) distances and when the analyses were carried out for each period separately (Table IV) . Also, environmental synchrony (as given by matrices P, T and S) was not significantly correlated with hydrological or geographic distance (Table V) , similar to the results observed for the biological data (see Fig. 3 ). These results were independent of the period analyzed (entire time series and before damming and after Relationship between mean density (log scale) and synchrony for 27 genera recorded in the Peixe Angical Reservoir, Tocantins, Brazil. Data for broad taxonomic groups, Bdelloidea, cyclopoid nauplii, calanoid nauplii, cyclopoid copepodites and calanoid copepodites, were not used in this cross-genera analysis. Results were obtained using data for the entire period and for before and after the reservoir formation. Note that none of the Mantel's tests were significant after correction for multiple testing (P 0.05/18). Results were obtained using data for the entire period and for before and after the reservoir formation. Environmental synchrony was estimated (by either the Pearson correlation coefficient or the Spearman correlation coefficient) using the scores of principal components analyses applied to three subsets: general physical and chemical variables (generating matrix P P), variables related to water transparency (matrix T T) and variables related to trophic state (matrix S S). Note that none of the Mantel's tests were significant after correction for multiple testing (P 0.05/9).
damming) and of the correlation coefficient utilized (Pearson's coefficient or Spearman's coefficient).
The total densities of the broad zooplankton groups were not significantly correlated with precipitation or air temperature (see Supplementary data). However, PERMANOVA indicated that damming was likely a major driver of the population dynamics (F ¼ 7.13; P ¼ 0.006). This result is unlikely to be caused by differences in dispersion (PERMDISP F ¼ 2.6; P ¼ 0.123). Indeed, the results of the cluster analysis showed a clear difference between before damming and after damming (Fig. 4) . For instance, the total density of cladocerans clearly increased, whereas the total density of testate amoebae clearly decreased, after damming (Fig. 5) . However, the density values obtained in November 2008 and April 2009 were unusually low (Fig. 5) , which explains why these months were not grouped in their respective periods (i.e. before and after damming, see Fig. 4 ). To evaluate the robustness of our synchrony analysis for these extreme events of low density, we estimated the mean level of synchrony with the addition of each month to an initial data subset composed by the first 5 months (from May 2004 to March 2005 . In other words, the first mean level of synchrony was estimated with the first months available. Next, at each step, we added to this initial subset, the data available for the next month (i.e. June 2005) and so on up to the last month (i.e. November 2009). The results of this new analysis suggest both that damming had an effect on increasing the levels of synchrony, and that this effect was not driven by the extreme low-density events recorded in November 2008 and April 2009 ( Fig. 6 ; see also Table II ). The pattern formed by the total density of the cladocerans, copepods and rotifers minus the total density of the testate amoebae was even more consistent in suggesting a positive Fig. 3 . Population (a) and environmental synchrony (b) versus hydrologic distance in the Peixe Angical Reservoir. Levels of environmental synchrony (correlation matrices E, P, T and S) were estimated with the scores of a PCA applied to the complete dataset and to three subsets encompassing general physical and chemical variables, turbidity and trophic state, respectively. effect of damming on the synchrony of euplanktonic populations (Fig. 6 ).
D I S C U S S I O N Magnitude of synchrony
We were expecting higher levels of population synchrony than those that were actually estimated, because all the sites that we monitored were located within a single system. High values would suggest that there was an effect of regional, density-independent factors (e.g. precipitation and water flow) acting at the scale of the reservoir and synchronizing the densities of the taxa. High levels of spatial synchrony would also be expected because of the high connectivity between pairs of sites in a single aquatic system (Seebens et al., 2013) . If so, then transport processes could increase passive dispersal rates, and therefore synchrony. However, even though we did not detect high levels of synchrony (such as those found by Seebens et al., 2013) , the levels that we found were comparable to or even higher than those estimated by Magnuson et al. (Magnuson et al., 1990) and Rusak et al. (Rusak et al., 1999) for Canadian lakes (e.g. synchrony values ranging from 0.0 to 0.19 for cladocerans and copepods). The levels were also higher than those detected by Xu et al. (Xu et al., 2012) for phytoplankton populations in the Three Gorges Reservoir (China) when synchrony was estimated between sites located in different regions of this reservoir (i.e. in the main body and in a tributary bay, with low and high water residence time, respectively).
We found that synchrony was positively correlated with density or frequency of occurrence in a cross-taxa analysis. This result indicates that the analysis of the regional processes regulating population dynamics is more challenging for rare genera. The high levels of synchrony detected for broad taxonomic groups are consistent with the conjecture that the likelihood of detecting synchrony depends on the density. These patterns are probably unrelated to ecological processes, and can be explained only by the high stochasticity or noise inherent in time series of rare genera, which may also be more prone to estimation errors due to the low counting effort. Also, the patterns indicate that monitoring biological variables with high taxonomic resolution (e.g. species), which generally results in a matrix with many zeros, may be less than optimal in detecting the processes that underlie synchrony (but see Rusak et al., 1999) . Similarly, Cottingham and Carpenter (Cottingham and Carpenter, 1998 ) also suggested that density data for phytoplankton species were not adequate to detect environmental disturbances caused by artificial lake enrichment.
Causes of synchrony
According to the theoretical reasoning proposed by Koenig (Koenig, 2002) , if the pattern of relationship between environmental synchrony and distance is similar to that observed for populations, then correlated environmental variation is the likely mechanism producing the population synchrony (Hudson and Cattadori, 1999) . In this study, the population synchrony was generally independent of hydrological distances. More importantly, environmental synchrony was also independent of hydrological (and overland) distance, suggesting that the Moran effect is important in synchronizing the fluctuations of most taxa. These results are in line with previous studies that emphasized the role of this factor in zooplankton populations (Rusak et al., 1999 (Rusak et al., , 2008 .
If the Bonferroni method was not used, negative relationships between synchrony and distance were detected for 12 taxa, with the use of geographic distance, and for 7 taxa, with the use of hydrological distance. This pattern can be explained by the combined effect of regional stochasticity (i.e. Moran effect) and dispersal (Hanski and Woiwod, 1993) . However, in this situation it is difficult to determine which process is more important (Ranta et al., 1999) .
Different lines of evidence suggest that the formation of the reservoir, which simultaneously changed the limnological (e.g. phytoplankton biomass) and hydrological characteristics, was the main mechanism accounting for the patterns of synchrony detected in this study, as discussed below.
Mechanisms
Several studies have shown that hydrological variations, which are in turn related to precipitation variation, are important determinants of population dynamics of aquatic organisms (e.g. Tedesco et al., 2004 , Ruetz et al., 2005 . However, the total densities of the different zooplankton groups were independent of precipitation. Therefore, natural climatic/hydrologic variation was presumably not the main mechanism causing synchrony. The absence of a significant effect of precipitation/hydrology is an unexpected result, considering that extrinsic factors operating on a regional scale are generally the main determinants of Table II ). The vertical dashed line indicates the time of dam construction.
population synchrony (Kratz et al., 1987; Rusak et al., 1999; McGowan et al., 2005) . On the other hand, this result should not be taken as evidence against the Moran effect, given the significant synchronicity of the environmental factors. Possibly the formation of the reservoir, which created hydrologically favorable areas for plankton population growth (Baxter, 1977; Lansac-Tôha et al., 2008; Havel et al., 2009) , stimulated zooplankton population growth simultaneously in different parts of the reservoir. This hypothesis is reinforced if we consider that, first, the zooplankton density clearly increased after the reservoir was formed. Secondly, only the density of euplanktonic groups (Cladocera, Copepoda and Rotifera) increased after the reservoir was formed, while the density of testate amoebae (which generally show higher densities in lotic environments) decreased. Thirdly, reservoir-wide population synchrony increased conspicuously after the reservoir formation.
We found extremely low densities of microcrustaceans and rotifers in November 2008 and April 2009. Although our results on synchrony were robust to these rare events, they still merit discussion. We speculate that an ongoing process of oligotrophication due to nutrient trapping by the reservoir cascade in the Tocantins River may account for these events. For example, similar results were obtained in the Cana Brava Reservoir (immediately upstream of the Peixe Angical Reservoir until November 2008; see Supplementary data). Also, the filling of the São Salvador Reservoir, which might have intensified the oligotrophication process, began precisely in November 2008. All in all, in our opinion the evaluation of this process in the Tocantins cascade of reservoirs is a promising avenue for further investigation.
Studies on spatial synchrony have direct implications for monitoring temporal trends in populations (Rhodes and Jonzén, 2011) . For instance, populations with strongly synchronized dynamics could be monitored at only a few sites (Takahashi et al., 2008) . This would be possible because patterns of population change at a given site could reliably predict these patterns at different sites of the area of interest, allowing regional-scale trends to be inferred (Urquhart et al., 1998) . However, although they are statistically significant, our results indicate that the magnitude of synchrony varied conspicuously (and was higher for the more abundant taxa) and that strong synchronicity was detectable mainly for the broad taxonomic groups. Taking these results into account, we are of the opinion that the possibility of optimizing the current monitoring program by reducing the number of sampling sites in the Peixe Angical Reservoir is limited. As a speculation, we believe that this inference (i.e. that data obtained at a relatively few "sentinel sites" may not reliably represent the temporal variability of the water quality and biota) can be extrapolated to a number of reservoirs in Brazil and worldwide. This applies particularly to the many dendritic reservoirs, which have areas with low hydrological connectivity and different limnological dynamics.
Recently, reservoirs have been constructed in Brazil and worldwide at a high rate. Undeniably, impoundments of lotic environments have different environmental impacts. However, we emphasize that reservoir monitoring programs are essential to devise plans to mitigate environmental impacts and for the management of these new environments. In addition to applied issues, these programs may be scientifically important when they are based on objective questions and are carried out following a well-planned sampling design (Lindenmayer and Likens, 2009 ). In our opinion, the analysis of population and environmental synchrony can be an integrative approach to achieve different goals of a monitoring program.
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Supplementary data can be found online at http://plankt. oxfordjournals.org.
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